The objective of this study was to test prospectively in a population sample whether individuals with impaired heart rate variability (HRV) are at increased risk of developing coronary heart disease (CHD) and of non-CHD mortality and to test whether this relationship is more pronounced among individuals with diabetes. We examined the association between HRV and incident CHD and non-CHD mortality in a cohort of 11,654 men and women aged 45-64 years at intake, from the biracial, population-based Atherosclerosis Risk in Communities Study. Supine, resting, 2-min beat-to-beat heart rate data were collected at the baseline examina- 
The objective of this study was to test prospectively in a population sample whether individuals with impaired heart rate variability (HRV) are at increased risk of developing coronary heart disease (CHD) and of non-CHD mortality and to test whether this relationship is more pronounced among individuals with diabetes. We examined the association between HRV and incident CHD and non-CHD mortality in a cohort of 11,654 men and women aged 45-64 years at intake, from the biracial, population-based Atherosclerosis Risk in Communities Study. Supine, resting, 2-min beat-to-beat heart rate data were collected at the baseline examina- A nalysis of beat-to-beat heart rate variability (HRV) has emerged as one of the noninvasive methods to quantitatively assess cardiac autonomic activity. Previous work has shown that heart rate oscillations at low frequencies (0.04 -0.15 Hz) are under the influence of both the sympathetic and parasympathetic nervous systems, whereas heart rate oscillations at high frequencies (0.15-0.40 Hz) are predominantly under the influence of the parasympathetic system and serve as a marker of cardiac parasympathetic activity (1) (2) (3) (4) (5) (6) (7) (8) (9) . Also used extensively are techniques to estimate HRV in the time domain, e.g., the standard deviation of R-R intervals. (8) .
Several studies on patient populations have found that lower HRV is associated with a higher risk of all-cause mortality in survivors of an acute myocardial infarction (MI) (10 -13) . Lower HRV has also been found to be related to sudden cardiac death (14) . Results from population-based follow-up studies also suggest that lower HRV is associated with the risk of developing coronary heart disease (CHD) (15) (16) (17) . It has since been proposed that HRV be used as a prognostic factor for MI risk stratification and management (18) .
People with type 2 diabetes have a two-to fourfold higher risk of cardiovascular disease (19 -22) . Identifying factors associated with the poor cardiovascular prognosis in individuals with diabetes may lead to more effective screening and earlier institution of primary prevention programs to slow the development and progression of cardiovascular disease among people with type 2 diabetes. We have previously reported statistically significant associations among diabetes, elevated fasting insulin, and impaired cardiac autonomic control (23, 24) . We have also reported a significant association between reduced heart rate variability and incident cardiovascular disease and all-cause mortality using case-cohort methods in subsamples from a large population-based sample (16, 17) . The present study was designed to perform more detailed analysis on the previously reported relationship between lower HRV and risk of incident CHD and non-CHD mortality (16, 17) in the full cohort of a population sample followed for an average of 8 years and to examine the degree to which people with type 2 diabetes are susceptible to the risk conveyed by a lower HRV.
RESEARCH DESIGN AND METHODS
This study was conducted in the cohort of the Atherosclerosis Risk in Communities (ARIC) study. (25) ARIC is a longitudinal study of cardiovascular and pulmonary diseases, sponsored by the National Heart, Lung and Blood Institute, that includes community surveillance and cohort components. The ARIC cohort was selected as a probability sample of 15,792 men and women between the ages of 45 and 64 years at four study centers in the United States, three of which enumerated and enrolled all age-eligible residents sampled from geographically defined areas (Washington County, MD; Forsyth County, NC; and selected suburbs of Minneapolis, MN). The fourth quarter of the ARIC cohort was sampled from black residents of Jackson, MS. Details of sampling, study design, and cohort examination procedures have been published (25). Eligible participants were interviewed at home and then invited to a baseline clinical examination conducted in 1987-1989, followed by triennial follow-up clinical examinations. Overall, 75% of eligible individuals responded to the home interview, and 65% of eligible individuals participated in the baseline clinical examination (45% from the Jackson center and Ͼ85% from other three centers). Annual telephone contacts with the cohort participants and a community surveillance system have been in place since 1987 to support the identification and classification of cardiovascular disease incidence and other mortality.
All black and white examinees who were free of CHD at baseline were eligible for the analyses of incident CHD in this report (n ϭ 14,075). A total of 110 participants were excluded from this report because of incomplete data to define their diabetic status at baseline, or their heart rate variability measurements (n ϭ 2,941). Of the latter, 95% were due to equipment failures in the first several months of the baseline examination and 5% were due to artifacts in the R-R interval data. Thus, this report is based on 11,654 individuals who were free of CHD at the intake examination. The cohort was followed up for an average of 8 years for cardiovascular disease morbidity, mortality, and non-CHD mortality. Assessment of cardiac autonomic control. The resting, supine, 2-min beat-to-beat R-R interval data were collected and analyzed according to standardized protocols and methods (26 -29) . The short-term intraparticipant reliability coefficients were 0.82, 0.56, 0.64, and 0.70 for high frequency (HF), low frequency (LF), LF/HF ratio, and standard deviation of all normal R-R intervals (SDNN), respectively, and the intra-and interdata operator reliability coefficients for the HF, LF, LF/HF ratio, and SDNN were Ͼ0.95 (28) . For this study, the total power (TP), the HF spectral power component, the LF spectral power component, and the very low frequency (VLF) spectral power component were calculated. TP was defined as the total area (0.00 -0.50 Hz) under the power spectral density (PSD) curve, whereas HF, LF, and VLF were defined as the power (area) between 0.15 and 0.40 Hz, 0.04 and 0.15 Hz, and 0.00 and 0.04 Hz bands under the PSD curve, respectively. Following the recommendation by the Task Force on HRV research (18) , normalized HF [HFnu ϭ HF/(TP Ϫ VLF) ϫ 100], normalized LF [LFnu ϭ LF/(TP Ϫ VLF) ϫ 100], and LF/HF ratio were calculated. The SDNN and the mean of the sum of squared differences (MSSD) between adjacent normal R-R intervals were calculated from the time domain data. The mean heart rate from the 2-min R-R interval data were also calculated. Classification of cardiovascular disease morbidity, mortality, and other causes of death. The ARIC study participants have been contacted yearly by telephone (97% complete follow-up) to ascertain vital status, hospitalizations, and visits to medical practitioners. Cardiovascular and cerebrovascular disease end points are identified and validated through abstraction of hospital records and death certificates, physician questionnaires, interviews of next of kin, and classification of end points by a panel of reviewers, as described elsewhere (30) . The monitored cardiovascular disease events include hospitalized MI, fatal CHD, revascularization procedures (coronary artery bypass graft or percutaneous transluminal coronary angioplasty), and electrocardiogram (ECG) detected silent MI on follow-up cohort examinations. ECG detected silent MI was defined as significant Q wave, or borderline Q wave with significant ST-segment or T-wave abnormalities, in the absence of ventricular conduction defects that interfere with Q-wave coding. Cohort event investigation is supported by community surveillance of all individuals who are aged 35-74 years and reside in the study communities. This report includes all events that occurred before 1 January 1997, with an average length of follow-up of 8 years. Overall, Ͻ4% of cohort members have been lost to follow-up. Covariables. Type 2 diabetes was defined as a fasting (minimum of 8 h) serum glucose Ն127 mg/dl, or glucose Ն200 mg/dl if fasting Ͻ8 h, or self-reported physician-diagnosed diabetes, or self-reported use of an oral hypoglycemic agent or insulin. Hypertension was defined as diastolic blood pressure Ն90 mmHg, or systolic blood pressure Ն140 mmHg, or the selfreported use of antihypertensive medications.
Sitting blood pressure was measured three times on each participant with a random zero sphygmomanometer, after a 5-min rest, by trained technicians following a standardized protocol. The average of the second and the third readings of systolic and fifth-phase diastolic blood pressure were used in this report.
Fasting blood was drawn to obtain serum and plasma, which were then shipped on dry ice to the central laboratories for assay within 1 week of their collection. All assays were performed at a central laboratory. Glucose was measured by a hexokinase/glucose-6 phosphate dehydrogenase method. Insulin was measured by radioimmunoassay ( 125 Insulin Kit; Cambridge Medical Diagnosis, Billerica, MA). Total cholesterol, triglycerides, and HDL cholesterol were measured by enzymatic procedures using a Cobas analyzer (Hoffman-La Roche, Basel, Switzerland).
Other demographic variables and risk factors for CHD were assessed according to standardized protocols common to all ARIC study sites and were subject to regular quality control checks (27). Briefly, age, race, sex, education level, and cigarette smoking status were determined during a home interview with the use of a standardized questionnaire by trained and certified interviewers. BMI was calculated as the measured weight (kg)/height (m) 2 . Clinical manifestations of CHD at baseline was defined by history of a hospitalized MI, history of cardiac revascularization procedures, or prevalent MI documented by ECG. Statistical analysis. Following the recommendation by the Task Force on HRV research (18), a natural logarithmic transformation was used to normalize the distribution of the HRV frequency domain HRV indexes (HF and LF) when used as continuous variables. Pearson correlation coefficients between HRV indexes were calculated. The means and SE of HRV indexes were calculated comparing people with different events with people who remained event-free through the end of 1996, stratified by diabetes status. Cox proportional hazards models were used to estimate the relative risk of each type of event associated with lower HRV indexes. In our primary models, HRV indexes were entered into the models as "low HRV" versus "normal HRV" status based on the 25th percentile cut point for HRV indexes. This cut point was based on our previous experience of threshold effects of HRV indexes when used as predictor and/or outcome variables and was supported by the preliminary analysis showing consistent pattern of threshold effects at the same cut point in this population. Interaction between HRV indexes and other potential effect modifiers (age, race, sex, smoking, hypertension, and diabetes) were tested using the log-likelihood ratio test at P Ͻ 0.10.
RESULTS
The characteristics of the study population are presented for the entire cohort in Table 1 and stratified by the major event categories (incident CHD, incident MI, fatal CHD, and non-CHD death), as well as by quartiles of SDNN (SDNN was chosen because it can be considered as an overall measure of beat-to-beat variation of R-R intervals from the 2-min record). The pattern of association between the risk factors and lower HRV remains unchanged regardless of which HRV indexes were used. The mean age at the baseline examination was 54 years, 42% of study participants were men, and 74% were white. Of the original 11,654 CHD-free study participants, 635 developed incident CHD (5.4%); among them, 346 had incident MI (3.0%), 82 had fatal CHD (0.70%), and the rest underwent revascularization procedures or exhibited a silent MI documented by a centrally read ECG. A total of 623 participants died of non-CHD causes (5.3%). As expected, cardiovascular risk factors and comorbidity profiles of people who developed events during follow-up were higher than the average of the study population, particularly the prevalence of diabetes, hypertension, and current smoking. Men were more likely to experience cardiovascular events and non-CHD mortality than the women. Although white individuals were slightly more likely to develop incident CHD and MI, black individuals were much more likely to experience fatal events such as fatal CHD or non-CHDrelated death. As summarized in Table 1 , comparison of the main covariables between the lowest quartile and the upper three quartiles of HF revealed the relationship of HRV to specific cardiovascular risk factors: a lower HRV was associated with an unfavorable cardiovascular risk profile with respect to age, education, BMI, fasting glucose and insulin, total cholesterol, triglycerides, mean heart rate, systolic and diastolic blood pressures, hypertension, and diabetes. The cumulative incident CHD rate was 7.3% in the lower HF group compared with 4.8% in the remainder of the HF distribution.
The Pearson correlation coefficients between the time and frequency domain HRV indexes derived from 2-min R-R interval data collected in the supine position after 20 min of rest are presented in Table 2 . As expected, when used as absolute values, the HRV indexes (HF, LF, SDNN, and MSSD) were highly to moderately correlated to each other. Comparing the correlation between time and frequency domain indexes, it can be noted that HF was equally correlated with SDNN and MSSD, but LF correlated better with SDNN than with MSSD. The time domain indexes (SDNN and MSSD) were moderately correlated with mean heart rate but not the frequency domain indexes. When used as a ratio or proportion, the frequency domain indexes (LF/HF ratio, normalized HF and LF) were highly correlated with each other in the direction predicted from the formulation of these indexes, but they are either not correlated or only weakly correlated with time domain indexes and heart rate.
The interaction between HRV indexes and major covariables in the prediction of outcomes was tested, and diabetes was consistently found to be the only significant effect modifier (P Ͻ 0.05). Therefore, nested models were fitted to account for the interaction terms, and results were reported according to diabetes status. 121 (19) 129 (21) 130 (22) 138 (24) 129 (24) 125 (20) 120 (18) Diastolic BP (mmHg)
73 (11) 76 (13) 76 (14) 78 (14) 76 (14) 75 (12) 73 ( The mean values (and their SE) of HRV indexes comparing people with different categories of events with people who remained event-free at the end of follow-up (1996) are presented in Table 3 . Similar to our previous reports (23, 24) , individuals with diabetes had significantly lower HRV indexes than people without diabetes across each stratum of the outcome categories, except for the ratio and the proportion measures of HRV. The absolute measures of the HRV indexes were statistically significantly lower among people who developed cardiovascular events and non-CHD death than in people who remained event-free. This relationship was more pronounced and more consistent among individuals with diabetes than among individuals without diabetes. No consistent relationships were found for the ratio/proportion measures of HRV. Table 4 presents hazard ratios (and 95% CI) by quartile of HRV indexes for each of the outcome categories according to diabetes status, adjusting for age, sex, ethnicitycenter, smoking, and mean heart rate. The hazard ratios estimated from these models indicated consistent and significant associations between quartiles of HRV and cardiovascular and noncardiovascular outcomes among individuals who had diabetes at baseline. Moreover, the pattern of associations suggests a threshold effect of HRV, in that only people in the lowest quartile were at significantly higher risk of events. As a result, all primary models were formulated to contrast the lowest quartile with the upper three quartiles of the HRV indexes. By contrast, no consistent association was found among individuals without diabetes between quartiles of HRV and cardiovascular and noncardiovascular outcomes. None of ratio/proportion measures of HRV (HFnu, LFnu, and LF/HF ratio) was statistically significantly associated with the development of any of the outcomes under investigation. Table 5 presents hazard ratios (and their 95% CI) for each outcome category contrasting HRV in the lowest quartile to the remainder of the population, estimated from nested multivariable Cox's proportional models to account for diabetes status. The covariables adjusted for in these models include baseline age, sex, ethnicity-center, smoking, mean heart rate, BMI, fasting glucose, triglycerides, HDL cholesterol, and hypertension. The hazard ratios estimated from these models indicated that individuals with diabetes with baseline HRV below the 25th percentile of the population distribution were at statistically significantly increased risk of various outcomes than those with their HRV above this cut point, particularly for incident CHD and incident MI. The hazard ratio estimates for fatal CHD were similar to those for incident CHD, but their 95% CI included 1.00, ostensibly because of the small number of fatal CHD events (n ϭ 31). Associations were less consistent for non-CHD mortality: of the four measures of HRV, only lower LF was statistically significant (HR ϭ 1.58, 95% CI 1.12-2.23). None of the ratio/proportion measures of HRV was significantly associated with the development of any of the outcomes under investigation (data not shown). These associations were considerably weaker and/or inconsistent among individuals without diabetes.
For minimizing potential confounding by the duration and severity of diabetes, Cox's models were fitted for people with diabetes to also include estimated diabetes duration and treatment status as covariables, in addition to a set of variables considered to be associated with diabetes severity and glycemic control among individuals with diabetes. These results, presented in Fig. 1 , were similar to those for individuals with diabetes presented in Table 5 .
DISCUSSION
Traditionally, HRV analyses have been based on heart rate data recorded over several hours. This provides a wealth of data but is costly and logistically complex for population-based, epidemiological research. In this report, we applied spectral analysis to 2-min beat-to-beat heart rate data collected according to a standardized protocol, by trained and certified technicians, subject to well-established quality control monitoring. We were able to maintain 90% of the R-R interval records "artifact free" and maintain high degrees of short-term intraparticipant reliability coefficients and intrareader and interreader reliability coefficients for all HRV indexes used in this study. Caution should be exercised when estimating HRV indexes, particularly the LF component of HRV, from shortterm heart rate data. Published recommendations indicated that a 5-min record is sufficient for short-term HRV analysis (18) . For frequency domain analysis, Bigger (2) recommended that estimates of HF power centered around 0.25 Hz should be based on records of at least 1 min duration and that LF power estimates (0.04 -0.15 Hz) require ϳ2.5 min of beat-to-beat data. Additional findings supportive of using short records of R-R intervals have been reported by other investigators (8,31) and in our *All models were fitted with quartile of HRV, diabetes status, and HRV-diabetes interaction terms as dependent variables, simultaneously adjusted for baseline age, sex, ethnicity-center, cigarette smoking status, and mean heart rate.
previous reports (16, 17, 24, 32) . Regardless of the limitation of the mathematical imprecision in estimating LF from 2-min records, LF in these data performed well in predicting CHD events.
The correlation between various HRV indexes estimated from our 2-min supine R-R interval data suggests that 1) the HF and LF are highly correlated, indicating that both HF and LF are predominantly under the influence of parasympathetic control under our study conditions; 2) frequency domain measures (HF and LF) are highly to moderately correlated with time domain measures (SDNN and MSSD); 3) SDNN is record length-and protocoldependent, e.g., the mean SDNN in this population-based biethnic data is only 32 ms among apparently healthy individuals, which is smaller than the conventional cut point of SDNN Ͻ50 ms used to define lower HRV in clinical studies (10) ; and 4) the frequency domain indexes (HF and LF) are less heart rate dependent than the time domain indexes. Future studies and clinical application of HRV analysis should take into account these observations.
In this data, lower HRV is significantly associated with increased risk of CHD events only among individuals with diabetes, not among individuals without diabetes. This differs from our previous reports (16, 17) in which we did not find diabetes as a significant effect modifier for the HRV and CHD association. A possible explanation is that previously reported results were based on small sample sizes and/or shorter follow-up time and thus were insufficiently powered to detect an effect modification by diabetes status. According to this argument, previously reported associations between lower HRV and increased risk of CHD may reflect the average of the associations for people with and without diabetes. In our current multivariable models, adjustment of the duration and treatment of diabetes and several factors traditionally considered clustered with the severity of diabetes and metabolic syndrome (20, (31) (32) (33) (34) (35) , including BMI, fasting glucose, triglycerides, HDL cholesterol, and hypertension, did not change the pattern of associations. Thus, we consider the effect modification by diabetes to be real in these data.
Lower HRV has previously been found to be predictive of the development of CHD (15) (16) (17) , indicating that reduced cardiac autonomic control as a result of various underlying pathophysiological factors represents a stage of increased risk of cardiac events. Our observation in this large population-based cohort is that lower HRV is associated with increased risk of developing CHD over an average of Ͼ8 years of follow-up among individuals who had diabetes at baseline examination but not among individuals without diabetes at baseline. From an etiologic Another noteworthy finding in these data is the apparent nonlinear relationships between various outcomes and HRV indexes. As summarized in Table 4 , a significantly increased risk for various outcomes was identifiable only in individuals who had diabetes and whose HRV indexes were below the 25th percentile cut point derived from the entire study population. Furthermore, better fitting models were observed, allowing for piece-wise estimation of risk comparing the lowest quartile to the remainder of the distribution of the HRV indexes (Table 5 ) than in models in which measures of HRV were entered as continuous variables (data not shown). These observations, together with the previously reported threshold effects of HRV (16, 32) at a cut point approximately placed at the 25th percentile, suggest a threshold effect of HRV at the population level, not only in the development of CHD but also in insulin resistance/glucose levels (23) (24) , and the development of hypertension (36) .
Because of small numbers of fatal CHD, the association between lower HRV and fatal CHD was not statistically significant. It can be noted that the point estimates (hazard ratios) in Table 5 and Fig. 1 consistently pointed to a stronger association for HRV indexes and fatal CHD than that of non-CHD death, except for HF. Of the four measures of HRV, lower LF was consistently significantly associated with non-CHD death (Table 5 ) among individuals both with and without diabetes. This is consistent with previous observations from a subsample of this population-based cohort (17) . The reasons for such an association are not fully understood. Perhaps impaired HRV is a marker of suboptimal health where lower HRV is a readily measurable variable.
In this study, none of the ratio/proportion measures (HFnu, LFnu, and LF/HF ratio) was significantly associated with increased risk of CHD events. This result is similar to that reported by Tsuji et al. (15) in a subset of the Framingham Heart Study cohort. This is not surprising because both HF and LF are highly and positively correlated and are mostly reflective of parasympathetic outflow under our study conditions of prolonged supine rest. Moreover, it would be unusual for a ratio of LF and HF to provide information additional to that contributed by each variable individually. Others (37) also argued against using short-term LF/HF ratio and the normalized powers as measures of sympathetic and parasympathetic balance.
In this study, we excluded 20% of the original cohort from the analyses because of inadequate or missing HRV data, as a result of equipment failure during the early months of the cohort examination. This could introduce bias and impose a modest limitation to the generalizability of our findings. However, the ARIC study assigned the baseline examination dates at random, making it unlikely that the early examinees are meaningfully different from those who were included in these analyses.
In summary, this study suggests that at the population level, lower HRV, reflective of impaired cardiac autonomic control, relates significantly to the development of CHD only among individuals with diabetes. This relationship is independent of CHD risk factors and of metabolic impairments typically associated with type 2 diabetes.
